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Background
In young adults with acute myeloid leukemia (AML), intensification of the anthracycline dose during induction therapy has improved the rate of complete remission but not of overall survival. We evaluated the use of cytarabine plus either standarddose or high-dose daunorubicin as induction therapy, followed by intensive consolidation therapy, in inducing complete remission to improve overall survival.
Methods
In this phase 3 randomized trial, we assigned 657 patients between the ages of 17 and 60 years who had untreated AML to receive three once-daily doses of daunorubicin at either the standard dose (45 mg per square meter of body-surface area) or a high dose (90 mg per square meter), combined with seven daily doses of cytarabine (100 mg per square meter) by continuous intravenous infusion. Patients who had a complete remission were offered either allogeneic hematopoietic stem-cell transplantation or high-dose cytarabine, with or without a single dose of the monoclonal antibody gemtuzumab ozogamicin, followed by autologous stem-cell transplantation. The primary end point was overall survival.
Results
In the intention-to-treat analysis, high-dose daunorubicin, as compared with a standard dose of the drug, resulted in a higher rate of complete remission (70.6% vs. 57.3%, P<0.001) and improved overall survival (median, 23.7 vs. 15.7 months; P = 0.003). The rates of serious adverse events were similar in the two groups. Median follow-up was 25.2 months.
Conclusions
In young adults with AML, intensifying induction therapy with a high daily dose of daunorubicin improved the rate of complete remission and the duration of overall survival, as compared with the standard dose. (ClinicalTrials.gov number, NCT00049517.) T he survival of patients with acute myeloid leukemia (AML) is affected by many variables, including therapy that induces complete remission and appropriate consolidation therapy. Currently, anthracycline plus cytarabine is the usual induction therapy for patients with AML. 1 The widely used intravenous combination of daunorubicin (at a dose of 45 mg per square meter of body-surface area), given daily for 3 days, and cytarabine (at a dose of 100 mg per square meter), given daily for 7 days, results in complete remission in 50 to 75% of patients. 1, 2 Neither the addition of other drugs to daunorubicin and cytarabine 3 nor intensification of the dose of cytarabine [4] [5] [6] has been shown to improve the outcome.
Increasing the anthracycline dose with cytokine support could improve the rate of complete remission and other outcomes. [7] [8] [9] [10] A high rate of complete remission was reported when daunorubicin was given at a daily dose of 60 mg per square meter for 3 days. 11, 12 Results of phase 1 and 2 studies 7, 8 have suggested that daunorubicin doses of 70 to 95 mg per square meter for 3 days are safe and improve the rate of complete remission.
The question of whether intensification of the anthracycline dose for induction therapy might improve survival in patients with AML who are under the age of 60 years remains unresolved. To address this question, the Eastern Cooperative Oncology Group (ECOG) conducted a phase 3 randomized study comparing standard-dose daunorubicin (45 mg per square meter per day) with high-dose daunorubicin (90 mg per square meter per day).
Me thods
Patients
From December 2002 through November 2008, a total of 657 patients between the ages of 17 and 60 years who had untreated AML were enrolled in the study. An antecedent hematologic disorder had been diagnosed in some of the patients up to 6 months before study entry. Eligibility was based on confirmation of AML with the use of central immunophenotyping and morphologic analysis. The ECOG's Cytogenetic Subcommittee reviewed conventional chromosome studies that were obtained by individual institutions and categorized patients as having a risk profile that was favorable, unfavorable, intermediate, or indeterminate on the basis of a published classification system. 13 Fluorescence in situ hybridization (FISH) analysis was performed at the Mayo Clinic's cytogenetics laboratory on samples from 535 patients, with the use of probes that have been described previously. 14 All patients were tested centrally for the most common AML molecular aberrations, 15 including the mixed-lineage leukemia gene (MLL), partial tandem duplication (PTD), 16 and FMS-like tyrosine kinase 3 (FLT3)-internal tandem duplication (ITD), 17 with the use of a semiquantitative polymerase-chain-reaction (PCR) assay.
Study Design and Oversight
The trial was developed by the ECOG Leukemia Committee. Data were collected and certified by the ECOG Data Coordinating Center and analyzed by the authors. All patients provided written informed consent and had to be candidates for subsequent hematopoietic stem-cell transplantation. The study was approved by the institutional review board at the National Cancer Institute and at each of the study centers.
Treatment
Eligible patients were randomly assigned to receive either 45 mg or 90 mg of intravenous daunorubicin per square meter daily for 3 days, together with intravenous cytarabine (100 mg per square meter per day) infused continuously for 7 days. Bone marrow aspiration and biopsy were performed on day 12 to 14 of therapy. If residual leukemic blasts were seen, a second induction course was given with the same dose and duration of cytarabine plus 45 mg of daunorubicin per square meter for 3 days. After bone marrow aplasia was confirmed on the basis of the International Working Group definition of AML, 18 patients were given daily sargramostim (at a dose of 250 μg per square meter) until recovery of neutrophils was observed. After recovery from induction therapy and before assignment to consolidation therapy, complete remission was confirmed by bone marrow aspiration and biopsy. Patients in whom complete remission was not achieved after one or two courses of therapy were withdrawn from the study.
Post-remission consolidation therapy with allogeneic or autologous stem-cell transplantation was based on the risk of relapse. Patients with an unfavorable cytogenetic profile or a white-cell count of more than 100,000 per cubic millimeter at diagnosis were offered allogeneic stem-cell transplantation if they had an HLA-matched sibling. Patients who had an intermediate cytogenetic profile and an HLA-matched sibling were offered the same option. The remaining patients were offered autologous stem-cell transplantation.
To proceed with consolidation treatment, patients had to be in complete remission, with no persisting complications of previous chemotherapy, a normal cardiac ejection fraction, an ECOG performance status of 2 or less (on a scale of 0 to 5, with higher scores indicating more severe debility), and adequate hepatic and renal function. Some patients with high-risk disease withdrew from the study to undergo stem-cell transplantation from a matched unrelated donor, but these patients were followed for overall survival.
Patients who underwent autologous stem-cell transplantation received two cycles of high-dose cytarabine therapy (3 g per square meter given intravenously over a 3-hour period every 12 hours every other day for a total of six doses), 19 followed by collection of peripheral-blood hematopoietic stem cells. Before transplantation, half of these patients received a single dose of gemtuzumab ozogamicin (at a dose of 6 mg per square meter), according to randomization, performed at the time of enrollment, for post-remission therapy.
Statistical Analysis
We compared demographic factors and disease characteristics using t-tests and chi-square tests. All reported P values are two-sided. Overall survival was measured from the time of randomization for induction therapy. The study was designed according to a cure-rate model. Enrollment and follow-up goals were set to provide the study with a power of at least 85% to detect a 23% decrease in the hazard rate for death in the group receiving the 90-mg dose of daunorubicin with the use of a one sided log-rank test at the 0.025 significance level and assuming 2 years of follow-up. The study was predicated on an estimated enrollment of 830 patients and 563 deaths. The protocol provided for interim efficacy analyses of overall survival with the use of O'Brien-Fleming boundaries at two points, after the occurrence of 282 deaths and after the occurrence of 423 deaths.
A secondary end point was a comparison of rates of complete remission in the two study groups. An enrollment of 747 patients would provide a power of 85% to detect a 10% improvement in the complete-remission rate in the high-dose group with the use of a two-sample binomial test at a one-sided 0.025 significance level. The interim futility analyses for complete remission were conducted when induction-response data were available for 25%, 50%, and 75% of the 747 eligible patients. The study was unblinded at the third interim analysis of complete-remission rates, when significant differences in survival between the two groups became apparent. The study was then terminated by the ECOG data and safety monitoring committee. The survival analysis was performed on the intention-to-treat principle. Overall survival was compared with the use of the log-rank test and a Cox proportional-hazards model. Differences in response rates were evaluated in eligible patients for whom complete data on response status were available. Differences were tested with the use of either Fisher's exact test or exact methods for ordered categorical data. Exact binomial confidence intervals are provided.
R esult s
Patients
Of the 657 patients who were enrolled in the study, 30 were ineligible because of an incorrect diagnosis, withdrawal of informed consent, or other reasons. The evaluation of response was incomplete for 45 patients; thus, responses were evaluated in 582 patients. The median age of all 657 patients was 48 years (range, 17 to 60). Median follow-up among survivors was 25.2 months (range, 0.6 to 70.3). Table 1 provides the demographic and clinical characteristics of the patients at the time of the first randomization. There were no significant differences between the two groups with respect to demographic features, leukemia classification (on the basis of the 2001 criteria of the World Health Organization), 20 cytogenetic profiles, or other disease characteristics.
Induction Therapy
Of the 582 eligible patients, 372 (63.9%; 95% confidence interval [CI] , 59.9 to 67.8) had a complete remission: 168 of 293 patients (57.3%; 95% CI, 51.5 to 63.1) in the standard-dose group and 204 of 289 (70.6%; 95% CI, 65.0 to 75.8) in the highdose group (P<0.001 by Fisher's exact test). Among patients in the two study groups who had a com- dose group, 56 (65.9%) had one cycle and 29 (34.1%) had two cycles of induction therapy.
Adverse Events
There were no significant differences in the rates of grade 3 to 5 hematologic and nonhematologic toxic effects between the two study groups ( Table 2 ). The rate of treatment-related grade 3 to 5 cardiac toxic effects was 7.2% in the standarddose group and 7.9% in the high-dose group. A reduced left ventricular ejection fraction was reported in none of 318 patients in the standard- dose group and in 4 of 315 patients (1.3%) in the high-dose group (leading to death in 1 of the 4 patients) (P = 0.06). The death rates during induction therapy were 4.5% in the standard-dose group and 5.5% in the high-dose group (P = 0.60). Causes of death were infection (14 patients), pulmonary failure (6), cardiac failure (4), hemorrhage (3), hypotension (2), and ileus (1).
Therapy after Remission
Of the 657 patients who underwent randomization, 352 (53.6%) entered the consolidation phase: 163 of 330 patients (49.4%) from the standarddose induction group and 189 of 327 (57.8%) from the high-dose group (P = 0.03). Of the 372 patients who were evaluated for a response and had a complete remission, 69 (18.5%) did not register for the consolidation phase because of a decision by either the patient or a physician to seek stem-cell transplantation from an unrelated donor or because of progressive disease, adverse events, or the patient's decision not to continue participating in the study. Overall, 177 of 352 patients (50.3%) in the consolidation phase underwent stem-cell transplantation. Of these patients, 17 of 163 patients (10.4%) in the standard-dose group and 19 of 189 patients (10.1%) in the high-dose group underwent allogeneic stem-cell transplantation; 62 patients in the standard-dose group (38.0%) and 79 patients in the high-dose group (41.8%) underwent autologous stem-cell transplantation. The reasons that patients did not undergo the intended transplantation procedure included withdrawal from the study or choice of alternative therapy (30.3%), progressive disease (25.5%), an inability to collect stem cells (11.7%), insurance refusal (3.4%), adverse events (11.0%), an unexpected decrease in the blood count (2.8%), other complicating diseases (4.8%), death (2.8%), and other reasons (7.7%). Since the administration of gemtuzumab ozogamicin in the consolidation phase before stem-cell transplantation conferred no improvement in disease-free or overall survival, the subgroup receiving this drug was closed in October 2007.
Overall Survival
The hazard ratio for death in the high-dose group, as compared with the standard-dose group, was 0.74 (95% CI, 0.60 to 0.90) (Fig. 1) categorical variables, the hazard ratio for death in the high-dose group was 0.72 (95% CI, 0.58 to 0.89; P = 0.002). The median overall survival was 15.7 months in the standard-dose group and 23.7 months in the high-dose group (P = 0.003 by the log-rank test) ( Fig. 2A) .
Effect of Age
The patient's age at the time of induction therapy influenced the response rate. Of the 657 patients, 55% were under the age of 50 years. In the standard-dose group, patients under the age of 50 years had a complete-remission rate of 59.4% and a median survival of 19.0 months; in the highdose group, patients in this age group had a complete-remission rate of 74.3% and a median survival of 34.3 months (hazard ratio for death in the high-dose group, 0.65; P = 0.004). Patients who were 50 years of age or older had no significant benefit from the high dose of daunorubicin; median survival was 12.2 months in the standard-dose group and 16.9 months in the high-dose group (hazard ratio, 0.83; P = 0.20). However, the interaction between treatment assignment and age category was not significant (P = 0.25).
Effect of Cytogenetic Profile
Patients were classified according to the risk associated with their cytogenetic profile, with 13.6% of patients deemed to be at favorable risk, 41.1% at intermediate risk, 26.6% at indeterminate risk, and 18.7% at unfavorable risk. Complete-remission rates for the favorable-risk, intermediate-risk, and unfavorable-risk groups were 81.3%, 58.7%, and 51.4%, respectively (P<0.001 for overall comparisons). Median survival was longest in the favorable-risk group but did not differ significantly between the treatment groups (hazard ratio for death in the high-dose group, 0.61; P = 0.18). At the time of the final analysis, median survival had not been reached among patients in the favorable-risk group who were treated with highdose daunorubicin. The greatest difference between the two treatment groups was seen in the inter- mediate-risk subgroup, with a median survival of 17.8 months in the standard-dose group and 32.3 months in the high-dose group (hazard ratio for death in the high-dose group, 0.67; P = 0.02). When patients in the favorable-risk and intermediaterisk subgroups were pooled, the overall median survival was 20.7 months in the standard-therapy group and 34.3 months in the high-dose group (P = 0.004 by the log-rank test) (Fig. 2B) . The worst outcome occurred in the subgroup with an unfavorable cytogenetic profile, in which the median survival was less than 11 months for both treatment groups (hazard ratio for the high-dose group, 0.85; P = 0.45) (Fig. 2C) . However, the interaction between the treatment assignment and the cytogenetic profile was not significant (P = 0.89).
Effect of Mutations
High-dose daunorubicin did not provide a significant survival benefit in patients who had the FLT3-ITD or MLL-PTD mutation ( Fig. 3A to 3D ). Moreover, in the high-dose group, patients with the FLT3-ITD mutation had a lower median survival (15.2 months) than those without the FLT3-ITD mutation (28.6 months, P = 0.009 by the log-rank test) (Fig. 3E ).
Discussion
It has been postulated that one of the most effective ways to achieve higher rates of complete remission and overall survival among patients with AML is to increase the induction dose of anthracyclines. 9 Trials of various chemotherapeutic agents have shown an improved rate of complete remission with higher doses of daunorubicin, as compared with the standard 45-mg dose. In aggregate, however, these studies have not definitively shown improved rates of overall survival associated with such increases. 5, 6, 21, 22 In our study, we found significant improvements in rates of complete remission and overall survival among patients who received high-dose daunorubicin. The higher dose did not significantly increase the frequency of adverse events or affect the delivery of consolidation therapy.
The rates of complete remission that were attained in this trial were lower than those in several previous studies, 2, 19, 23, 24 even in the high-dose group. However, these rates are similar to results of previous ECOG studies, in which the administration of 45-mg to 60-mg doses of daunorubicin resulted in a median complete-remission rate of 62%. 25 Our study design allowed the enrollment of patients who had received the diagnosis of an antecedent hematologic disorder within the previous 6 months and patients with multilineage dysplasia, which may have contributed to lower rates of complete remission. Early withdrawal by the patients or their physicians in order to seek alternative therapy could have contributed to the relatively low complete-remission rates.
Patients with favorable or intermediate cytogenetic risk profiles in the high-dose group fared well, with high rates of complete remission and receipt of appropriate consolidation therapy. At the time of the final analysis, median survival had not been reached among patients in the high-dose group who had a favorable cytogenetic profile. The largest survival difference between the two treatment groups was seen in the subgroup of patients who were at intermediate cytogenetic risk. We conclude from these results that in patients with favorable-or intermediate-risk disease, physicians can safely use anthracycline intensification for induction and consolidation (by either cytarabine intensification or stem-cell transplantation) and can anticipate excellent outcomes.
A high dose of daunorubicin provided no benefit in some of the patients in our study, including those who were over the age of 50 years and those with an unfavorable cytogenetic profile. The presence of MDR1 gene overexpression, which is more frequent in older patients with AML 26 and causes efflux of daunorubicin from the cell, may have contributed to the poor responses. The high-dose strategy did not significantly improve overall survival among patients with either the FLT3-ITD mutation or the MLL-PTD mutation.
The Food and Drug Administration has approved the 45-mg dose of daunorubicin for patients with untreated AML, and this dose is widely used in the United States. Some cooperative groups have adopted higher doses of daunorubicin for induction therapy (mainly a 60-mg dose) in the absence of supporting data from a phase 3 trial. Whether standard-dose cytarabine with 90 mg of daunorubicin per square meter is better than cytarabine with a 60-mg dose of daunorubicin (or idarubicin or mitoxantrone at equivalent doses) remains to be studied in future trials.
In conclusion, intensifying induction therapy 
